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An optical device for X-ray applications 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] The present application is a national phase 

entry under 35 U.S. C. § 371 of International Application 
No. PCT/FR03/001879 filed June 19, 2003, published in 
December 31, 2003, which claims priority from 
FR03/00623 filed January 21 2003, which claims priority 
to FR02/07546, filed June 19, 2002. 

BACKGROUND OF THE INVENTION 
Field of the Invention 



[0002] The present invention concerns an optical 

device for X-ray instrumentation applications with high 
resolutions in wavelength. 

[0003] More precisely, the invention concerns an 

optical device intended to treat an incident X-ray 
beam, said device comprising: 

• a monochromator, and 

• an optical element for treating the incident beam 
whose reflective surface is able to produce a two- 
dimensional optical effect in order to adapt a 
beam in destination of the monochromator, said 
optical element comprising a surface reflecting X- 
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rays of the multilayer structure type. 

[0004] The reflective surface or surfaces used can 

in particular be of the multilayer type with lateral 
gradient . 

[0005] The invention thus applies in all X-ray 

instrumentation fields using monochromators , 

[0006] By way of example, the following applications 

can be cited non- limit ingly: 

• high-resolution X-ray dif f ractometry , 

• X-ray fluorescence, 

• X-ray micromapping (or microcartography) 
applications for microelectronics. 

[0007] The invention applies to X-ray 

instrumentation fields requiring excellent spectral 
purity and therefore the use of a monochromator . 

[0008] The basic constituent element of the 

monochromator is a crystal which makes it possible to 
achieve very high resolutions, angular and in terms of 
wavelength. The monochromator can be formed from a 
crystal or several aligned crystals. 

[0009] For monochromators of the type mentioned 
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above, the diffraction of the incident X-rays is 
effected according to Bragg 7 s law. 

[0010] The Bragg condition for a crystal is of the 

form nX=2d sinGp where n is the reflection order, X the 
wavelength of the incident radiation for which the 
diffraction occurs, d the spacing period between the 
atomic planes of the crystal involved in the 
diffraction and Gp the angle of incidence on these same 
atomic planes which is necessary for the diffraction 
phenomenon to occur. 

[0011] If an incident beam of X-rays is considered, 

the rays of wavelength X striking the crystal with an 
angle of incidence Gp which is very precise with respect 
to a certain family of atomic planes of the crystal 
will be diffracted by these same atomic planes if the 
Bragg condition indicated above is satisfied. 

[0012] This phenomenon of diffraction of a 

monochromatic beam occurs with a certain angular 
acceptance AG about the reference angle Gp. 

[0013] This angular acceptance can therefore be 

defined by: 

• An angle Gp corresponding to the reference angle 
of incidence of the diffractive rays on the 
monochromator (Gp is known by the term Bragg 
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angle) , Gp being a function of the crystal and the 
wavelength and corresponding to the maximum of 
the reflectivity peak R=f(G) for a given 
wavelength, and 

• A tolerance of A0 about this reference angle of 
incidence. The tolerance defines the width of the 
range of angles of incidence which corresponds to 
the angular acceptance. 

[0014] The monochromators used in the devices of the 

type mentioned above have a very small angular 
acceptance. By way of example, for a germanium crystal 
monochromator , used for example for applications where 
the X-ray source is a Ka copper source {X - 1.54 
Angstroms), the angular acceptance is 0.00336° (about a 
reference angle of incidence of approximately 20°). 

[0015] It will therefore be understood that, from a 

given X-ray source (this source being able for example 
to be of the rotating anode, X-ray tube or microsource 
type) , without an appropriate conditioning of the X- 
rays emitted by the source, a large number of these 
rays which are emitted in all directions arrive at the 
monochromator with an angle of incidence well outside 
the angular acceptance of the monochromator. 

[0016] These photons will not be able to be 

reflected by the monochromator and thus cause very 
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large losses of flux. 

Description of related art Prcocntation of the 
prior art 

[0017] To attempt to mitigate this drawback, it is 

known to dispose, upstream of the monochromator, means 
of conditioning the incident beam. 

[0018] The main function of such conditioning means 

is to orient the largest possible part of the incident 
X-rays, at an angle of incidence (with respect to the 
surface of the monochromator ) which is included within 
the incidence range defined by the angular acceptance 
of the monochromator about a reference angle of 

incidence 9p . 

[0019] It is thus known to produce these 

conditioning means in the form of a glass capillary for 
collecting by total reflection a divergent initial beam 
issuing from a source and to collimate it into a beam 
directed towards a monochromator. 

[0020] However, one limitation associated with such 

conditioning means is that this type of optical 
component can reflect X-rays only at very small angles 
of incidence (typically less than 0.1°). 

[0021] Consequently the flux delivered by the optics 

is generally small. 
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[0022] It also known to produce the conditioning 

means in the form of a multilayer optical element 
producing a one -dimensional optical effect. These 
optical elements have a parabolic shape which makes it 
possible to collimate the divergent incident beam, and 
a multilayer coating which diffracts the incident X- 
rays according to Bragg' s law. 

[0023] One illustration of this known configuration 

will be found in Figure 1, which depicts a source S of 
X-rays producing an initial beam XI having a certain 
divergence in destination of conditioning means 31 (the 
parabola in which the surface of these conditioning 
means fits being depicted in a broken line) . 

[0024] Here also, the conditioning means reflect the 

initial beam XI as a beam X2 directed towards a 
monochromator M. 

[0025] A one-dimensional optical element of this 

type is known by the term Gobel mirror. 

[0026] In the case of curved substrates such as 

Gobel mirrors, the multilayer has a layer structure 

(meaning thereby the period d of the multilayer) which 
varies along the mirror in order to maintain the Bragg 
conditions on a large surface of the mirror. 

[0027] Such a multilayer mirror with lateral 
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gradient thus allows reflection of the X-rays whose 
wavelength belongs to a predetermined domain, by- 
different regions of the mirror on which the incident 
rays have variable local angles of incidence. 

[0028] Such conditioning means make it possible to 

collimate the incident beam into a beam X2 in which the 
directions of propagation of the X-rays are made 
substantially parallel to an incident direction with 
respect to the monochromator which corresponds to the 
value 0p of this monochromator, and this within the 
angular acceptance range of the monochromator. 

[0029] However, such conditioning means allow the 

collimation of an initial beam XI only in a single 
plane (the plane of Figure 1 in the example which has 
just been described) . 

[0030] The divergences in the planes perpendicular 

to this plane are thus not treated: as a result many X- 
rays are not usable . 

[0031] One limitation of these known conditioning 

means with one -dimensional effect is thus that, for a 
given initial beam XI, the flux of collimated X-rays in 
a direction compatible with the angular acceptance of 
the monochromator remains limited. 

[0032] It should also be stated in this regard that 

it is necessary to have at the output from the 
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monochromator a beam of small size in the fields of 
application of the invention (typically less than 2 
mm) . 

[0033] The beam issuing from the monochromator in 

fact generates an " image spot" whose dimensions must be 
of this order of magnitude. 

[0034] The image spot is included in a plane known 

as the "image plane" . 

[0035] To increase the "useful" flux arriving at the 

monochromator, it is known how to produce the means of 
conditioning the initial beam in the form of two- 
dimensional optics whose reflective surface exhibits a 
lateral gradient . 

[0036] Such optics are produced in the form of a 

"side by side Kirkpatrick-Baez" device, as illustrated 
in Figure 2 . 

[0037] In the remainder of this text, the 

"Kirkpatrick-Baez" configuration will be referred to as 
"KB" . 

[0038] This figure thus illustrates an element 33 

comprising two mirrors 331 and 332 associated side by 
side (axis parallel to the direction Z for the mirror 
331, to the direction X for the mirror 332) . 
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[0039] The surfaces of these two mirrors have 

curvatures centred on two axes perpendicular to one 
another . 

[0040] For this type of optics, the conditioning 

desired is provided by a double reflection, each mirror 
331, 332 producing a one -dimensional optical effect 
along one axis . 

[0041] Each of the two mirrors can thus produce a 

collimation or a focusing. 

[0042] A monochromator M receives the flux X2 

reflected by the element 33. 

[0043] A description of this type of optical element 

33 will be found in the patent US 6 041 099. 

[0044] It should be stated that the conditioning 

means can also be produced in the form of a "KB" device 
where the two mirrors are not disposed side by side. 

[0045] Compared with conditioning means of the Gobel 

mirror type, such conditioning means with two- 
dimensional effect make it possible to recover, within 
a range of angles of incidence compatible with the 
angular acceptance of a monochromator, a greater 
proportion of rays issuing from a divergent initial 
beam XI . 
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SUMMARY OF THE INVENTION 

[0046] One aim of the invention is to improve still 

further the performance of such devices . 

[0047] In particular, the invention aims to collect 

a maximum amount of flux from a divergent initial beam 
and to produce at the output a monochromatic flux which 
is superior compared with what can be produced by a 
device comprising conditioning means as described 
above . 

[0048] Thus the invention in particular aims, in 

order to increase the flux at the output of such 
devices, to make it possible to exploit X-ray sources 
of increased size. 

[0049] The invention also aims to make it possible 

to improve the compactness of such devices. 

[0050] In order to achieve these aims, the invention 

proposes an optical device intended to treat an 
incident X-ray beam, said device comprising: 

• a monochromator (M) and 

• an optical element (20) for treating the incident 
beam whose reflective surface is able to produce 
a two-dimensional optical effect in order to 
adapt a beam in destination of the monochromator, 



10 



XENOCS 3.3-002 



said optical element comprising a surface 
reflecting X-rays of the multilayer structure 
type, 

characterised by the fact that said reflective 
surface consists of a single surface, said reflective 
surface being shaped according to two curvatures 
corresponding to two different directions. 

[0051] Preferred but non-limiting aspects of this 

device are as follows: 

• said single reflective surface is of the 
multilayer type with lateral gradient, 

• said single reflective surface comprises a depth 
gradient, 

• said reflective surface is shaped in each of the 
said two different directions in order to produce 
two respective one -dimensional effects, 

• said reflective surface has a geometry which is 
substantially circular in a first direction and 
substantially parabolic in a second direction, 

• said first direction is the saggital direction of 
the optical element and the second direction is 
the meridional direction of the optical element, 
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• said reflective surface has a substantially 
toroidal geometry, 

• said reflective surface has a substantially 
paraboloidal geometry, 

• said reflective surface has a substantially 
ellipsoidal geometry, 

• said reflective surface is able to reflect rays of 
the lines Cu-Ka or Mo-Ka, 

• the monochromator is a germanium crystal and the 
optical conditioning element consists of a W/Si 
multilayer coating with lateral gradient, 

• the optical element of said device has a length of 
around 2 cm, said device being able to be used 
with an X-ray source whose size is around a few 
tens of microns by a few tens of microns, in order 
to produce a sample spot of around 3 00*300 
microns . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0052] Other aspects, aims and advantages of the 

invention will emerge more clearly from a reading of 
the following description of the invention, given with 
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reference to the accompanying drawings in which, apart 
from Figures 1 and 2 which have been commented on with 
reference to the prior art: 

— [0053] Figure 3 depicts an overall view of an 
optical device according to one embodiment of the 
invention, 

— E0054] Figure 4 is a top view of the same device, 

—[0055] Figures 5a and 5b illustrate the extension 
which would be required in the case of the adaptation 
of devices of the known type, in order to achieve a 
performance comparable with the device according to the 
invention, which is more compact, 

-[005 6] Figures 6a and 6b are illustration diagrams 
making it possible to determine the angular divergence 
tolerated at a given point of a two-dimensional-effect 
optical conditioning element as considered in the 
invention. 

DETAILED DESCRIPTION 

[0057] As a preamble to this description, it should 

be stated that the figures are intended to illustrate 
the principle of the invention and do not necessarily 
depict the dimensions and scales realistically. 

[0058] This is true in particular for the angles of 
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incidence (or even reflection) of the X-rays. 

[0059] These X-rays in reality arrive on the 

reflective surfaces according to the invention with an 
angle of incidence of less than 10°. 

[0060] The meridional and saggital directions are 

also defined with respect to the general direction of 
propagation of the X-ray beam: 

• The meridional direction corresponds to the mean 
direction of propagation of this beam (and more 
precisely to the mean direction between the mean 
directions of propagation of the beam before and 
after its reflection on the optical assemblies 
concerned) , 

• The saggital direction corresponds to a horizontal 
transverse direction of this meridional direction 
(the vertical being defined here by the mean 
normal to the part of the reflective surface of 
the optical assemblies which will be described and 
which is actually used for reflecting the incident 
X-ray beam) . 

Description of one embodiment of the invention 

[0061] With reference to Figure 3, a device 

according to the invention is shown placed upstream of 
a sample E . 
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This device comprises: 

• means of conditioning an initial X-ray beam, 
denoted XI, having a certain divergence, 

• a monochromator M associated with a given angular 
acceptance . 

[0062] The conditioning means are in this embodiment 

of the invention produced in the form of an optical 
element 20 intended to reflect the rays of the initial 
beam XI issuing from a source S of X-rays. 

[0063] In the case of Figure 3, the optical element 

3 0 provides collimation in a first dimension and 
focusing in a second different dimension. 

[0064] The source S can in particular be of the X- 

ray tube, rotating anode or X-ray source with 
microf ocus type . 

[0065] The optical element 2 0 comprises a multilayer 

structure formed on a substrate (for example made from 
glass) , which defines a reflective surface for the X- 
rays of the beam XI . 

[0066] The single reflective surface of this optical 

element has a special geometry. 
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[0067] More precisely, this reflective surface is 

shaped according to two curvatures corresponding to two 
different directions . 

[0068] This reflective surface thus has significant 

differences with respect to reflective surfaces of the 
type used in optical assemblies such as those disclosed 
by the document US 6 041 099: 

• The reflective surface is a single reflective 
surface, unlike what is the case with optical 
assemblies in which two different elementary 
mirrors have been assembled, 

• This reflective surface is regular (this term 
meaning in the present text that the reflective 
surface does not exhibit any second-order 
discontinuity: angular points or edges - salient 
or hollow - etc) , 

• Moreover, a difference which is also significant 
is that, in the case of the invention, the 
incident rays undergo only a single reflection in 
order to produce the required two-dimensional 
optical effect, whilst two reflections are 
necessary in the case of an optical assembly using 
conditioning means reproducing for example the 
teachings of the document US 6 041 099. 

Description of the optical conditioning element 
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considered in the invention 

[0069] Before describing in detail the embodiment 

illustrated in Figure 3, the general characteristics of 
the invention will be disclosed. 

[0070] The reflective surface of the optical element 

according to the invention has a curvature Cx in the 
saggital direction X and a curvature Cy in the 
meridional direction Y. 

[0071] Figure 3 represents these curvatures, two 

curves Cx and Cy having been depicted in broken lines. 

[0072] Each of the curves Cx, Cy can be a circle, 

but also an ellipse, a parabola or other curve (open or 
closed) . 

[0073] In any event, the reflective surface of the 

optical conditioning element does not have a simple 
spherical shape . 

[0074] Each of the curves Cx, Cy is thus associated 

with a different direction in space (two perpendicular 
directions in the example commented on here) . 

[0075] And each of these curves produces a one- 

dimensional optical effect on the X-rays which have 
just been reflected on the reflective surface: 
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• The curve Cx produces a one -dimensional optical 
effect in the direction X, 

• The curve Cy produces a one-dimensional optical 
effect in the direction Y. 

[0076] And each of these dimensional effects depends 

on the curvature associated with the curve and its law 
of change along this curve. 

[0077] It will thus be possible to parameterise the 

curves Cx and Cy in order to selectively obtain 
associated one-dimensional effects such as a focusing 
or a one -dimensional collimation. 

[0078] Figure 3 depicts one embodiment of the 

invention. 

[0079] In this embodiment, the curve Cx produces a 

one -dimensional focusing and the curve Cy produces a 
one -dimensional collimation. 

[0080] The reflective surface of the multilayer of 

the optical element 20 of Figure 3 is for this purpose 
shaped in the respective directions X and Y in two 
curves Cx and Cy respectively circular and parabolic, 
each of these curves producing a one -dimensional effect 
in a given plane, respectively in the plane XY and in 
the plane YZ . 
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[0081] Thus, from the divergent beam XI, a 

collimation is generated in one dimension in space and 
a focusing in another dimension. 

[0082] According to a variant of the invention the 

means of conditioning the incident beam on the 
monochromator can be an optical element providing a 
collimation in two dimensions. 

[0083] In this case, the curves Cx and Cy are both 

shaped as parabolae . 

[0084] Returning to the embodiment of the invention 

in Figure 3, the monochromator M is positioned so that 
the mean direction of the beam X2 corresponds to the 
angle of incidence Bp of the monochromator, or to an 
angle compatible with the angular acceptance of this 
monochromator . 

[0085] In this way the X-rays flux which arrives at 

the monochromator within the tolerances defined by the 
angular acceptance of this monochromator is maximised 
in the vertical direction (direction Z) but also in the 
saggital direction . 

[0086] It should be stated here that it is thus 

possible to produce according to the invention 
conditioning means with optical elements composed of a 
multilayer mirror (with lateral gradient, and possibly 
also with depth gradient as will be seen later in this 
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text) , whose reflective surface can have one from 
amongst various aspherical complex shapes making it 
possible to fulfil the necessary function for 
redirecting the reflected beam X2 to the monochromator . 

[0087] It is thus possible in particular to give 

this reflective surface one of the following 
geometries : 

• geometry with a substantially toroidal shape, 

• geometry with a substantially paraboloidal shape, 

• geometry with a substantially ellipsoidal shape, 

• geometry with a substantially circular shape in a 
first direction (in particular the saggital 
direction) and a substantially parabolic shape in 
a second direction (in particular the meridional 
direction) . 

[0088] The lateral gradient can in particular extend 

in the meridional direction of the incident X-rays. 

[0089] And the period of the multilayer can be 

adapted to reflect in particular rays of the lines Cu- 
Ka or Mo-Ka. 

[0090] In the case of an embodiment of the invention 
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with a focusing in the saggital plane (that is to say 
in the plane XY in Figure 3) the radius of curvature Rx 
(saggital radius of curvature) can have a value of less 
than 20 mm, necessary for focusings over short 
distances, less than 90 cm (the source-point focusing 
distance) according to one favoured application of the 
invention. 

[0091] It will be noted that the optical element 

used as a beam conditioning means in the device 
according to the invention dispenses with the drawbacks 
and limitations of the optical assemblies of the KB 
type. In particular: 

• this optical assembly is in a single piece (not 
requiring any tricky assembly) 

• the incident X-rays undergo only a single 
reflection on its reflective surface. 

It was stated that the reflective surface of the 
optical element 2 0 was defined by a multilayer. 

[0092] This multilayer (like all multilayers dealt 

with in this text) in practically all cases comprises 
at a minimum one w lateral gradient" . 

[0093] This characteristic makes it possible to 

effectively reflect the X-rays having different local 
angles of incidence with respect to the reflective 
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surface of the element 20. 

[0094] It will be understood in fact that the 

various points on this reflective surface do not 
receive the incident X-rays with the same local angle 
of incidence (because of the divergence of the incident 
beam and the geometry of this reflective surface) . 

[0095] Multilayer with lateral gradient means here a 

multilayer where the layer structure is adapted so that 
the Bragg condition is complied with at every point on 
the useful surface of the mirror. 

[0096] Thus, for a radiation of incident X-rays in a 

narrow wavelength band containing for example the Ka 
lines of copper (Cu-Ka lines with wavelengths close to 
0.154 nm) , the multilayer mirror with lateral gradient 
makes it possible to maintain the Bragg conditions over 
the entire useful surface of the mirror. 

[0097] This leads to the reflection of the band with 

a predetermined wavelength (in the above example 
containing the copper Ka lines) , by different regions 
of the mirror on which the incident rays have variable 
local angles of incidence. 

[0098] It is thus possible to increase the surface 

area of the mirror which is actually used. 

[0099] The gradient is obtained by varying the 
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period of the multilayer according to the position on 
the mirror. 

[0100] This type of lateral -gradient multilayer 

structure thus makes it possible to increase the solid 
angle of collection of the optical assembly, which 
leads to a higher reflected flux for an identical 
geometry compared with monolayer mirrors functioning in 
total reflection. 

[0101] It should however be noted that, in extreme 

cases, the multilayer may not have a lateral gradient 
in particular if the curvature of the optical element 
is small and does not require this type of gradient. 

[0102] The multilayer of the various embodiments of 

the invention can also have a depth gradient. 

[0103] Such a depth gradient makes it possible to 

fulfil the Bragg conditions for fixed angles of 
incidence and variable wavelengths, or vice-versa. 

[0104] It is thus possible for example to increase 

the wavelength bandwidth of the multilayer of the 
optical assembly, and to focus or collimate X-rays with 
different wavelengths, at one and the same given image 
plane (the case of a fixed geometry - that is to say a 
configuration in which the relative positions of the 
source of incident rays, of the optical assembly and of 
the image plane are fixed) . 
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[0105] In this way it is possible to use sources of 

X-rays with different wavelengths to reflect the X-rays 
issuing from the various sources with the same optical 
assembly, without this requiring a new positioning of 
the source and/or of the image plane or planes with 
respect to the optical assembly. 

[0106] In this case use is made of the tolerance in 

wavelength of the optical assembly (tolerance in AX) . 

[0107] In the same way, it is also possible to 

translate this tolerance in AX into a tolerance in AG, 0 
being the angle of incidence on the element 20. 

[0108] A tolerance on the wavelength corresponding 

in fact - in the context of the Bragg condition - to a 
tolerance on the angle of incidence, it is possible, 
for a constant wavelength of the incident beam, to 
collect and reflect an incident light flux where the 
rays with the same wavelength have different local 
angles of incidence. 

[0109] In particular it is possible in this way to 

use sources of X-rays of larger size (increase in the 
angular acceptance of the optical component) . 

[0110] Producing the conditioning means with a depth 

gradient in the multilayer thus constitutes one option 
for implementing the invention. 
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Information on the two-dimensional conditioning 

means 

[0111] The use of a two-dimensional optics for 

conditioning the incident radiation on a monochromator 
may in particular make it possible to achieve a 
collimation in a first dimension in order to maintain a 
fixed angle of incidence on the reference plane of the 
monochromator whilst producing a second one -dimensional 
effect in a second dimension (defined by the saggital 
plane XY) in order to collect a maximum incident flux. 

[0112] The conditioning in the second dimension can 

be a focusing or a collimation. 

[0113] By way of illustration, such a function is 

depicted in Figure 3 : the divergent rays in the plane 
YZ are collimated in the plane YZ in order to maintain, 
for the beam X2 (which is reflected by the conditioning 
element 20) , an angle of incidence of around 9p in the 
angular acceptance of the monochromator. 

[0114] The collimation function according to the 

first dimension, produced by the optical element 20, 
makes it possible to limit the angular divergence of 
the beams in the diffraction plane (for each reflected 
X-ray, the diffraction plane is defined as the plane 
perpendicular to the reflective surface containing the 
incident beams and the reflected beams) . 
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[0115] For the purpose of increasing the X-ray flux 

collected at the sample, it is advantageous to effect a 
conditioning in a second dimension, for example in the 
case of Figure 3 in the XY plane (saggital plane) . 

[0116] This makes it possible to limit the 

divergence in this plane and thus to maximise the X-ray 
flux collected from the source and projected at the 
sample after reflection on the monochromator. 

[0117] This conditioning in the second dimension 

(still with reference to Figure 3) is carried out 
whilst ensuring the operating conditions of the 
monochromator (limiting the angular divergence in the 
diffraction plane) . As indicated previously, the 
conditioning in the second dimension may be a focusing 
or a collimation. 

[0118] The possibility of increasing the flux in the 

second direction (saggital) by effecting a focusing is 
notably advantageous as the angular divergence a 
tolerated in the saggital plane at the monochromator is 
great in the case of the applications in question. 

[0119] This is because a divergence a in the second 

dimension (the saggital dimension) has little effect on 
the angle of incidence of the incident X-rays on the 
monochromator in the case of the field of application 
of the invention (for the focusing conditions 
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encountered and the types of monochromators in 
question) . 

[0120] With reference to Figure 4, the divergence a 

in the saggital plane is given by the useful width of 
the conditioning optics X T in this same plane 
(determined for example at the centre of the optics) , 
and the focusing distances d Foc (optics -image spot 
distance) . The divergence a in the direction X can thus 
be approximated by the following equation: 

Tan (a) = ( (X x /2 - L/2 ) / (d Foc ) ) / where L is the width 
of the image spot in the saggital plane. 

[0121] It is known that the angular tolerance of a 

monochromator on a divergence a in the saggital plane 
(which will be called Aoc) is a function of the Bragg 
angle Bp and of the angular acceptance A0 of this 
monochromator. With reference to the document by M. 
Schuster and H. Gobel, J. Phys . D: Applied Physics 28 
(1995) A270-A275 "Parallel-Beam Coupling into channel- 
cut monochromators using tailored multilayers" , this 
angular tolerance Aa can be expressed as follows: 

( (A0/tanOp) *2) * = Aa, in this formula Aa and AG 
are expressed in radians. 

[0122] The tolerance on the angular divergence in 

the saggital plane can thus be determined by way of 
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example for a germanium crystal for Cu-Kce applications 
(90=22.65°, A9=0. 00336°) . 

[0123] Thus limit divergences (angular tolerance on 

the divergence of the beam X2) of the order of 1° are 
calculated, which is well above the convergences 
required for the field of application of the invention. 

[0124] Consequently the monochromator can accept 

more divergence of the incident beam X2 in the second 
direction in question (the direction X in Figure 3) . 

[0125] It is therefore advantageous to collect a 

maximum amount of flux from the source for the second 
direction in question (the saggital direction) . 

[0126] This general objective concerns both the 

device according to the invention and the devices using 
in a known manner, as conditioning means, an optical 
assembly of the KB type. 

Additional highlight on specific advantages 
compared with devices comprising conditioning means of 
the KB type 

[0127] In the second direction in question, that is 

to the say the direction for which the monochromator 
can tolerate more divergence (in the case of Figure 3 
the direction X) the invention makes it possible to 
collect more flux from the source compared with the 
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device implementing an initial beam conditioning by a 
two-dimensional optical assembly of the "KB" type (side 
by side or not) with multilayer coatings. 

[0128] Two phenomena give rise to this gain in flux 

and they will be explained below. 

• Firstly, in the case of the invention with an 
optical element such as the element 20, having a 
given length (in the meridional direction) , a 
capture angle is obtained in the saggital 
direction which is greater than what is obtained 
with a conventional configuration implementing a 
conditioning by KB optics, 

• Secondly, the two-dimensional optical element 20 
as used in the invention can accept more 
divergence of the initial beam XI in a saggital 
direction, and therefore picks up a larger surface 
of the source at any point on this element 20. 

[0129] This is because, and with reference to the 

first type of advantage mentioned above, in the case of 
the conditioning carried out by an optical assembly of 
the KB type, in order to increase the solid angle of 
collection in a direction transverse to the mean 
direction of propagation of the beam on the optical 
assembly, it is necessary to increase the length of 
this optical assembly. 
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[0130] This is because obtaining a two-dimensional 

effect according to a KB configuration is linked to a 
double reflection . 

[0131] By way of illustration and considering Figure 

2, if the device is extended in the X or Z direction it 
is necessary to extend the mirror in the Y direction. 

[0132] This phenomenon is illustrated in Figures 5a 

and 5b. 

[0133] It is in fact known that, for optical 

elements of the KB type, any incident ray must strike 
the optics in a particular area (corresponding to the 
hatched areas in Figures 5a and 5b) in order to undergo 
a double reflection. 

[0134] The result therefore is that, for such a 

known type of optical conditioning element (whether or 
not the mirrors are contiguous) , the solid angle able 
to be collected is limited by the length of the 
component both for the horizontal transverse directions 
and for the vertical transverse directions (direction Z 
or direction X) . 

[0135] For the optical assembly of the KB type, 

thelength of the component (in the meridional 
direction) therefore has an influence both on the 
transverse components and the longitudinal components 
of the solid angle of collection. 
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[0136] In the case of the invention, it is possible 

to increase the solid angle of collection in a saggital 
direction, without increasing the length of the device. 

[0137] This is important in particular in the case 

where it is wished to limit the bulk and therefore the 
size of the optics. 

[0138] This is in particular the case by way of 

example for applications of X-ray micromapping for 
microelectronics where the sources used are X-ray 
microsources having sizes of a few tens of microns by a 
few tens of microns (for example 4 0 microns by 4 0 
microns) and the sample spot analysed is of the order 
of a hundred microns by a hundred microns (for example 
300 microns by 300 microns) . 

[0139] It is wished in this case to limit the length 

of the optical conditioning element to approximately 2 
cm. 

[0140] And in general terms, for applications where 

it is sought to limit the length of the device, the 
optical combination used in the invention proves to be 
particularly advantageous and makes it possible to 
maximise the flux reflected by the monochromator whilst 
minimising the size of the device. 
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[0141] In addition, an extension of the conditioning 

mirror in a meridional direction (which is the mean 
direction of propagation of the X-rays on the optics) 
has the effect of increasing the multilayer surface on 
which a lateral gradient is applied. 

[0142] This type of gradient is applied in order to 

compensate for the curvature of the surface of the 
optical component . 

[0143] In Figures 5a and 5b, the gradient of the 

multilayers is applied along the Y axis for the two 
mirrors of the optical assembly. 

[0144] In consequence increasing the length of the 

component amounts to increasing the surface on which a 
gradient is applied - which amounts to making the 
manufacture of the device more complex. 

[0145] For conditioning optics with a single 

reflection such as those considered in the invention, 
the solid angle of collection can be increased in a 
saggital direction by way of example by increasing 
simply the size of removable slots which can be 
positioned at the entry and exit of the optics. 

[0146] Another advantage of the invention is the 

possibility of capturing a larger source surface at a 
given point on the optical conditioning assembly and 
thus being able to maximise the flux at the image spot. 
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[0147] This phenomenon can be illustrated by means 

of Figures 6a and 6b and Figure 2, if an X-ray source 
whose surface is parallel to the plane XZ defined in 
these figures is considered. 

[0148] Figures 6a and 6b illustrate an optical 

conditioning element 2 0 as used in the invention. 

[0149] If an alignment of the various optics 

according to Figures 6a and 6b in Figure 2 is 
considered, for the optical conditioning element as 
considered in the invention, the angular divergence of 
the incident X-rays tolerated in a saggital direction 
at any point on the optics is relatively large in 
comparison with the angular divergence tolerated for 
the conditioning optics of the KB type in the same 
direction (that is to say the direction X) . 

[0150] Along the other dimension of the source (that 

is to say the direction Z) , the angular divergences 
tolerated at any point on the two types of two- 
dimensional-effect optics are very close and limited by 
the angular acceptance of the multilayer. 

[0151] A movement of the incident X-ray emission 

source point from the centre S of the source in the 
direction Z has an influence directly and significantly 
on the angle of incidence of these X-rays at a given 
point on the two-dimensional optical element whatever 
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the type of optics in question (of the KB type or an 
optics with a single reflection as considered in the 
invention) . 

[0152] In the case of the optical conditioning 

element as considered in the invention, and with 
reference to Figures 6a and 6b , an opening of the 
emission beam in the direction X (which corresponds to 
the saggital direction) compared with a direct beam 
coming from the centre of the source gives rise to only 
small variations on the angle of incidence at any point 
on the optics . 

[0153] With reference to these Figures 6a and 6b, it 

is possible to determine the angular divergence 
tolerated for the incident X-rays at the centre C of 
the conditioning optics. 

[0154] The source size in the direction Z able to be 

reflected effectively at the centre of the optics is 
given by the following equation: 

[0155] Z x = (cos0 s *p) (tanGi - tanG^) , where p is the 

distance between the centre of the source and the 
centre of the optics, G s is the angle of incidence on 
the optics for a ray issuing from the centre S of the 
source, and 6i and Gi< the limit angles of incidence 
given by the angular acceptance of the multilayer 
(AG^Gx-GjO . 
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[0156] Still with reference to Figures 6a and 6b, in 

the case of the direction X, the source size able to be 
reflected at the centre C of the optics is given by the 
following equation : 

Xi = 2((p sin 9 s /tan 9j. ) 2 - (p cos 0 S ) 2 )*. 

[0157] The values X x and Z z given above are source 

sizes determined within the limit of the angular 
acceptance of the multilayer. 

[0158] By way of example, for W/Si coatings used for 

copper Kot applications, the angular acceptance of the 
multilayer (of the optical conditioning element 20) is 
0.052° about an angle of 1.26°. 

[0159] It can also be considered that the optics and 

source are aligned so that the angle of incidence 9 S on 
the optics of a beam issuing from the centre of the 
source is given by the Bragg angle of the multilayer. 

[0160] For standard source-optics distances of 12 

cm, the source size able to be collected in a saggital 
direction at the centre of the optics as considered in 
the invention could thus be of the order of 5 cm, and 
approximately 110 microns for the direction Z. 

[0161] Still by way of example, in the case of KB 

optical assemblies for one and the same type of 
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multilayer and source-optics distance, the source size 
able to be collected effectively at a given point is 
limited to approximately 110 microns for the two 
directions concerned (X and Z with reference to Figure 
2) . We will return to the reasons explaining this later 
in the description. 

[0162] The values mentioned above constitute 

theoretical limits (in the above cases for a W/Si 
multilayer) of the angular divergence of the incident 
beam which can be tolerated by the optical conditioning 
elements compared above. 

[0163] However, it is also necessary, in the case of 

a device according to the invention, to consider the 
divergence tolerated by the monochromator in the 
saggital direction as well as the specifications 
relating to the image which it is wished to obtain 

(size, distance) , in order finally to maximise the flux 
collected at the image spot. 

[0164] Taking these considerations into account, the 

potential gain in flux captured from the source for 
optical conditioning elements as considered in the 
invention is significant. 

[0165] Indeed, if by way of example consideration is 

given to a standard X-ray source of size 300 microns by 
300 microns with a distance of 12 cm between the X-ray 
source and the optical conditioning assembly, at a 
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given point on this optical assembly it is possible to 
see a larger surface of the source in the saggital 
direction than in the case of known devices, with a 
conditioning by KB optical assembly. 

[0166] In the case of the invention, it is thus 

possible to collect the 300 microns of the source in 
the saggital direction at any point on the optics and 
this can represent a sure advantage in the case where 
the image spot required is relatively broad in the 
saggital direction, for example for image spots 1 mm 
wide positioned at 40 cm from the optics. 

[0167] It will therefore be understood that the 

device according to the invention tolerates a 
relatively large divergence of the beam XI issuing from 
the source, in a particular direction. This is not the 
case with the known devices using conditioning elements 
of the KB type . 

[0168] With reference to Figure 2 and the KB optics, 

the direction which provides a certain degree of 
freedom on the divergence of the incident beam which is 
effectively reflected at a given point on the optics 
for the first horizontal mirror 332 is the direction 
perpendicular to the centre of the second optics, which 
is the vertical mirror 331. 

[0169] However, in the case of this known 

configuration with two mirrors, the direction 
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perpendicular or approximately perpendicular to the 
surface of the mirror corresponds to the direction in 
which the divergence of an incident beam gives rise to 
significant variations on the angle of incidence. 

[0170] The source size able to be collected at a 

given point on the assemblies of the KB type is 
therefore, due to the double reflection phenomenon, 
limited by the angular acceptance of the multilayer for 
the two dimensions of the source. The invention also 
dispenses with this limitation. 
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